The HET-s protein of Podospora anserina is a fungal prion. This protein behaves as an infectious cytoplasmic element that is transmitted horizontally from one strain to another. Under the prion form, the HET-s protein forms aggregates in vivo. The specificity of this prion model compared with the yeast prions resides in the fact that under the prion form HET-s causes a growth inhibition and cell death reaction when co-expressed with the HET-S protein from which it differs by 13 residues. Herein we describe the purification and initial characterization of recombinant HET-s protein expressed in Escherichia coli. The HET-s protein self-associates over time into high molecular weight aggregates. These aggregates greatly accelerate precipitation of the soluble form. HET-s aggregates appear as amyloid-like fibrils using electron microscopy. They bind Congo Red and show birefringence under polarized light. In the aggregated form, a HET-s fragment of ϳ7 kDa is resistant to proteinase K digestion. CD and FTIR analyses indicate that upon transition to the aggregated state, the HET-s protein undergoes a structural rearrangement characterized by an increase in antiparallel ␤-sheet structure content. These results suggest that the [Het-s] prion element propagates in vivo as an infectious amyloid.
Prions are infectious proteins causing mammalian spongiform encephalopathies such as scrapie, mad cow disease, and Creutzfeld-Jakob disease (1) . Prions propagate by converting the normal form of the PrP protein into an altered ␤-sheet-rich conformation (2) . Prion diseases belong to a larger class of protein deposition diseases that are all characterized by the formation of ␤-sheet-rich fibrillar aggregates termed amyloids (3) (4) (5) . These include common neurodegenerative diseases such as Alzheimer's and Parkinson's disease. However, as yet it is poorly understood why among the various human protein deposition diseases only the prion diseases have a proven infectious form.
Prion proteins have also been identified in lower eukaryotes, namely yeast and the filamentous fungus Podospora anserina (6, 7) . The URE3 and PSI non-mendelian genetic elements of yeast were shown to correspond to the prion form of the Ure2p and Sup35 proteins, respectively. Ure2p and Sup35p are soluble proteins in normal conformation but aggregate in vivo upon conversion to the prion state (8, 9) . In vitro, purified Sup35p and Ure2p proteins undergo self-seeded polymerization into amyloid-like fibrils (10 -13) . These elements thus represent valuable model systems to study amyloid formation and prion infectivity.
The [Het-s] prion of the filamentous fungus P. anserina controls a cellular recognition process characteristic of filamentous fungi known as heterokaryon incompatibility (7, 14) . The het-s locus has two very similar natural polymorphic variants designated as het-s and het-S. The corresponding HET-s and HET-S proteins are 289 amino acids in length and differ by 13 amino acid residues (15) . Co-expression of the HET-s and HET-S variants in the same cell triggers a growth alteration and a cell death reaction. het-s and het-S strains are therefore incompatible.
Strains (17) . The HET-S variant is devoid of the prion properties and does not aggregate in vivo. We have proposed that [Het-s] propagates as a self-perpetuating aggregated state of the HET-s protein.
Compared with the yeast prion models, this system displays the following particular features: (i) the existence of a natural non-prion variant (HET-S), (ii) a cell death reaction associated with co-expression of the [Het-s] prion and HET-S, and (iii) the fact that the prion form corresponds to the biologically reactive form of the HET-s protein.
Herein 
EXPERIMENTAL PROCEDURES
HET-s Expression and Purification-The het-s open-reading frame was amplified by PCR from plasmid DNA using oligos s1 (5Ј-CT-CAAACTCATATGTCAGAACCG-3Ј) and s2 (5Ј-ATAAGCTTAGTGAT-GATGGTGATGGTGATTATCCCAGAACCC-3Ј) and was cloned into the NdeI and HindIII sites of the pET21a vector (Novagen) and introduced into BL21(DE3) pLysS cells. Cells were grown to 0.5 OD in 2ϫ YT medium, and expression was induced by addition of 1 mM isopropyl ␤-D-thiogalactoside. After 4 h, cells were harvested by centrifugation, frozen at Ϫ80°C, and lysed in 150 mM NaCl and 100 mM Tris-HCl, pH 8. The lysate was centrifuged for 20 min at 20,000 ϫ g. The pellet was washed in the same buffer and resuspended in denaturing buffer (8 M guanidinium HCl, 150 mM NaCl, and 100 mM Tris-HCl, pH 8). The lysate was incubated with Talon Resin (CLONTECH) for 1 h at 20°C, and the resin was washed with 8 M urea, 150 mM NaCl, and 100 mM Tris-HCl, pH 8. The HET-s protein was eluted from the resin in the same buffer containing 200 mM imidazole. For renaturation 20 mM dithiothreitol were added, and the sample was applied to a HiTrap desalting column (Amersham Biosciences) equilibrated with 150 mM NaCl, 100 mM Tris-HCl, pH 8, and 1 mM dithiothreitol.
Spontaneous and Seeded Aggregation Assays-After renaturation, protein samples were incubated at 4°C. Protein precipitation was analyzed at various time points by centrifuging 50-l aliquots for 15 min at 10,000 ϫ g. Supernatant and pellet fractions were analyzed using SDS-PAGE followed by Coomassie Blue staining, and protein concentration in the supernatant fractions was measured using the Bio-Rad protein assay reagent. For seeding assays, 1 ml of renatured protein solution (at 0.5 mg ml Ϫ1 ) was inoculated with various amounts of aggregated protein in a volume of 100 l. The aggregated protein sample was sonicated briefly prior to inoculation. Protein precipitation was analyzed as described above.
Microscopy-For Congo Red staining, samples were prepared as described (12) and observed on a Zeiss Axiafold microscope equipped with optimally aligned cross-polarizers. For electron microscopy, 400 mesh copper electron microscopy grids coated with a plastic film (Formvar) were used. A fraction of the protein suspension (at 1 mg ml Ϫ1 ) was put onto the grid and sedimented for 10 to 30 min in a moist Petri dish to avoid rapid desiccation. Grids were then rinsed with 15-20 drops of freshly prepared 2% uranyl acetate in water and filtered with 0.22 m of Millipore (18) , dried with filter paper, and observed with a Phillips TECNAI 12 Biowin electron microscope at 80 kV.
Spectroscopic Methods-CD spectra were recorded at 20°C using a JASCO JS 810 spectropolarimeter with a quartz cell of 0.1-cm path length. Protein concentration was 0.1 mg ml Ϫ1 . Deconvolution of the spectrum was performed using the K2d algorithm (www.embl-heidelberg.de/%7Eandrade/k2d.html).
Fourier Transform Infrared (FTIR) 1 spectroscopy spectra were recorded at 20°C using a JASCO FT/IR-610 spectrometer. Interferograms were acquired at 4 cm Ϫ1 nominal resolution and are the average of 1000 scans. CaF 2 plates and a 100-m spacer were used. Protein concentration was 4 mg ml Ϫ1 . For the soluble form the D 2 O solution was not buffered (pH ϳ6). The sample with fibrils was buffered at pH 8 using Tris-HCl. The software (provided by JASCO) with the spectrometer was used for the spectrum deconvolution (bandwidth, 30 cm Ϫ1 ) and for the fitting of the spectra by a sum of lorentzians to estimate the secondary structure contents.
Limited Proteolysis-50 g of soluble and aggregated HET-s protein were digested at 37°C with 1 g of proteinase K in a volume of 50 l. Reactions were stopped by the addition of one volume of SDS-PAGE loading buffer and were heated at 100°C for 5 min. 10 l of each reaction were analyzed by SDS-PAGE followed by Coomassie Blue staining.
RESULTS

Recombinant HET-s Protein Undergoes
Self-seeded Polymerization-The HET-s protein was expressed as a C-terminal histidine-tagged construct in E. coli. It was determined that addition of the histidine tag does not affect the biological activity of HET-s in P. anserina. The HET-s protein was purified from inclusion bodies to homogeneity (as judged by SDS-PAGE) under denaturing conditions and then renatured in 150 mM NaCl, 100 mM Tris-HCl, pH 8, and 1 mM dithiothreitol. In size exclusion chromatography experiments, the renatured protein displayed an apparent molecular mass of ϳ35 kDa in agreement with the calculated monomeric mass (32 kDa) and the apparent molecular mass measured for the native protein in crude P. anserina extracts (17) .
Renatured HET-s solutions were kept at 4°C. After a lag phase of about 40 h precipitation started, and after 100 h approximately 50% of the protein had aggregated (Fig. 1A) . Aggregation was accelerated by vortexing or brief sonication and also occurred at room temperature, in water, and at various pH values (5 to 9; data not shown). When freshly renatured protein was inoculated with pre-aggregated protein, HET-s aggregation was dramatically accelerated in a dose-dependent manner (Fig. 1B) . For instance, using a 1:10 ratio between the aggregated inoculate and the soluble protein, after 1 h more than 80% of the protein had precipitated.
Microscopic Characterization of the HET-s AggregatesCongo Red was used to stain amyloids. Because amyloids are structured aggregates, Congo Red-stained amyloids are not optically amorphous and show a green-orange birefringence under polarized light (19) . We incubated HET-s aggregates with Congo Red and collected them by centrifugation. Redstained aggregates were observed by bright field light microscopy, indicating that the aggregates bind the dye (Fig. 2) . When observed under cross-polarizers, the aggregates showed greenorange birefringence. However, the birefringence was not observed over the entire aggregate. Using electron microscopy, negatively stained HET-s aggregates appeared as unbranched fibrils of 15-20 nm in width and up to several m in length (Fig. 3) . These fibrils have a ropy aspect that may correspond to the lateral bundling of profibrils. The width of HET-s fibrils was comparable with that of fibrils formed from full-length Ure2p or Sup35 (10, 12, 13) .
Spectroscopic Analysis of Soluble and Aggregated HET-s Protein-
The CD spectra of the soluble and aggregate forms of HET-s were recorded (Fig. 4) . The spectrum of soluble HET-s displayed two minima at 208 and 222 nm, characteristic of the presence of ␣-helical secondary structures. The deconvolution of the spectrum led to an estimated content of 34% ␣-helical, 16% ␤-sheet, and 50% random coil structure. The CD spectrum of the aggregated form was radically different. It is characterized by a strong reduction in ellipticity, suggesting a decrease in the amount of ␣-helical structure. It displayed a single minimum around 217 nm. Deconvolution of this spectrum yielded the following estimates of secondary structure content: 17% ␣-helix, 32% ␤-sheet, and 50% random coil. 1 The abbreviation used is: FTIR, Fourier Transform Infrared. 
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In the infrared spectrum of the soluble form the amide IЈ band reached a maximum at 1650 cm Ϫ1 (Fig. 5 ). In the spectrum of the aggregated form this maximum was shifted at 1643 cm Ϫ1 , and a shoulder around 1625 cm Ϫ1 was observed. After deconvolution, three components were observed in the spectrum of the aggregated form. The band at 1645 cm Ϫ1 can be assigned to random coil structures. The band at 1625 cm
Ϫ1
together with that at 1670 cm Ϫ1 can be assigned to antiparallel ␤Ϫsheets. These two bands are not obvious in the deconvoluted spectrum of the soluble form. This shows that the amount of ␤Ϫsheet is much higher within the fibrils than in the soluble form of the protein. Estimations of the secondary structure contents by curve fitting (not shown) give: 30% ␣Ϫhelix, 20% ␤Ϫsheet, and 50% random coil or turn (in the soluble form) and 10% ␣Ϫhelix, 45% ␤Ϫsheet, and 45% random coil or turn (in the aggregated form). These estimated contents are in good agreement with those determined from the CD spectra.
Limited Proteolysis of HET-s-To determine whether the transition from the soluble to the aggregated state modifies protease resistance, we submitted freshly renatured protein and aggregated protein to limited proteinase K digestion (Fig.  6) . A resistant fragment of ϳ7 kDa was detected for the aggregated form even after 15 min of proteinase K digestion. The corresponding fragment was absent in the digestion profile of the soluble form. In this experiment, a set of fragments of ϳ25 kDa were slightly more resistant in the soluble form compared with the aggregated form. This difference further illustrates the fact that a major structural modification occurs upon transition to the aggregated state.
DISCUSSION
The [Het-s] prion element of the filamentous fungus P. anserina rapidly propagates in vivo and is efficiently transmitted horizontally from one strain to another. We show here that recombinant HET-s protein undergoes self-seeded polymerization in vitro into fibrillar aggregates that have characteristics of amyloids. The aggregates bind Congo Red and show birefringence and contain antiparallel ␤-sheet secondary structures. The behavior of the HET-s protein is thus remarkably similar to that of the two yeast prion proteins and of mammalian PrP. These results allow us to generalize the mechanism for the infectious propagation of prions in micro-organisms. We have shown that in vivo, the transition to the prion state can be detected using the aggregation of a HET-s-GFP fusion protein (17) . We suggest, as proposed for the yeast prions, that emergence of the [Het-s] prion corresponds to the transition form of a soluble to an infectious amyloid-like aggregated form.
The secondary structure of HET-s was analyzed using CD and FTIR spectroscopy. Despite slight quantitative differences, both spectroscopic methods indicated that soluble HET-s is an ␣/␤ protein. Upon aggregation, the protein undergoes a major structural rearrangement that is characterized by an increase in ␤-sheet content and a decrease in ␣-helical content. In vivo propagation and in vitro aggregation of both yeast prion pro- In the spectrum of the aggregated form, the broad band around 1590 cm Ϫ1 can be assigned to the COO Ϫ group of aspartate and glutamate side-chains. This band is less intense in the spectrum of the soluble form because these groups are partially protonated from different pH and protein conformations. In the spectrum of the soluble form, the COOH groups give a band of ϳ1700 cm Ϫ1 .
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at CNRS on October 9, 2006 www.jbc.org teins involve Q/N-rich regions of the proteins that are thought to be unstructured. The HET-s sequence lacks these Q/N-rich regions. However, analysis of the CD and FTIR spectra suggest that the soluble form of HET-s displays substantial amounts of random coil. It is therefore a possibility that the prion properties of HET-s are also due to the existence of a large unstructured region. Limited proteolysis can identify regions of amyloid peptides that are directly involved in the protective ␤-sheet structure (20) . Proteolysis of the aggregated form of HET-s generates a resistant fragment of ϳ7 kDa. This fragment may thus correspond to the core region of the amyloid-like aggregate, the part of the protein that would be directly engaged in a highly hydrogen-bonded antiparallel ␤-sheet structure. Consistent with that hypothesis is the fact that the proteinase K-resistant material remains insoluble (not shown).
The results reported herein, suggesting that [Het-s] propagates as an infectious amyloid, lead to an evolutionary enigma. In mammals, amyloid formation represents a cellular catastrophe, a rare failure of the normal folding process that can have dramatic consequences (3) . Conversely, [Het-s] emergence is nearly ubiquitous (at least under laboratory conditions). All [Het-s*] strains ultimately acquire the [Het-s] prion phenotype. Moreover, in the [Het-s] system, it is the prion form that is active in the heterokaryon incompatibility phenomenon, whereas the [Het-s*] form is neutral (inactive). Thus, in the [Het-s] system, the amyloid form would correspond to the biologically reactive form in self/non-self recognition. This raises the intriguing possibility that in this system amyloid formation has been recruited to perform a biological function.
Also, the particular feature of the [Het-s] system as compared with the yeast prions is that in the HET-S background, expression of the prion form is associated to a growth inhibition and a cell death reaction. The fact that HET-s forms amyloidlike fibrils may establish this system as the original model to study cellular mechanisms of prion propagation and amyloid toxicity in a tractable micro-organism.
